Lactobacillus is one of the genera belonging to the broad group of lactic acid bacteria (LAB). LAB are widely used in the manufacture of several fermented foods and beverages and are considered to be safe or are generally recognized as safe microorganisms. Several lactobacilli are natural inhabitants of the gastrointestinal and urogenital tracts of humans and animals, and considerable evidence has implicated them in a variety of potentially beneficial roles within the host. Lactobacilli have been reported to protect against infection, e.g., by modulating the immune system (7, 23) . This property and the capacity to colonize mucosal surfaces have prompted efforts aimed at their use as vaccine delivery vehicles for oral immunization (14, 21) . Although the molecular basis of their so-called probiotic properties are not very well understood, adhesion to the mucosa is considered a prerequisite for their survival and establishment in the intestinal tract (10, 24) . Surface-located molecules such as lipoteichoic acid (26) , lectin-like molecules (17) , and secreted proteins (1, 5) have been identified as adhesins which specifically interact with different receptor moieties in the intestinal tissue.
S-layers are crystalline monolayers formed from single protein monomers (S-protein) that self-assemble into multimeric units to form an array covering the entire cell as the outermost envelope (2, 16) . The role of S-protein in adherence to host tissues has been confirmed for the S-layer of the fish pathogen Aeromonas salmonicida (6) . However, adhesive properties of S-layers in probiotic lactobacilli remain poorly characterized. The S-layer of Lactobacillus acidophilus has been shown to be involved in the interaction with avian epithelial cells (25) , whereas other authors reported that the S-layer proteins of L. crispatus BG2FO4 (formerly classified as L. acidophilus) and L. acidophilus NCFM/N2 did not participate in adherence of these strains to human Caco-2 cells (9). The S-layer protein of L. crispatus JCM5810 (CbsA) was shown to bind to collagens and human subintestinal extracellular matrix (30) . As described for pathogenic bacteria, these binding abilities may promote bacterial colonization (31) . In this report, we describe the expression of the cbsA gene in L. casei ATCC393 T , which lacks an S-layer, and an attempt to transfer the collagen-binding phenotype displayed by this protein to a bacterium that is not able either to bind or to colonize the gastrointestinal tract.
Expression cassettes. The expression cassettes in plasmids pLPCA5Ј and pLPCA5ЈA are the same except for the presence of an anchor sequence in pLPCA5ЈA (Fig. 1) . In both plasmids, the promoterless cbsA gene was cloned in LactobacillusEscherichia coli shuttle vector pLPM11 under the control of the inducible ␣-amylase promoter of L. amylovorus. pLPM11 is a derivative of pLP402t which lacks the ␤-glucuronidase gene (20) . In both vectors, the insert starts 128 bp upstream of the ATG codon and includes the signal sequence and the entire CbsA-encoding region. A computer analysis predicted that the 128-bp 5Ј-untranslated region would form a hairpin structure (⌬G, Ϫ26.7 kcal/mol). This might render mRNA more stable and therefore might result in higher translation efficiency, as the untranslated leader sequence of S-protein mRNA in L. acidophilus ATCC 4356 was shown to be involved in efficient S-protein production (3) . To obtain a vector with CbsA fused to the anchor sequence (pLPCA5ЈA), the cbsA gene was amplified by PCR from L. crispatus JCM5810 chromosomal DNA with the primers A1F (5Ј-GCGGATCCTCTAGACTACTAC CTCATGAGAG-3Ј; starts 128 nucleotides upstream of ATG) and A3SalR (5Ј GCGAATTCGTCGACAAAGTTTGAAGC CTTTACGTAAG-3Ј; ends before stop codon). BamHI-XbaI and EcoRI-SalI restriction sites (underlined) were introduced to facilitate further cloning. Since these oligonucleotides are complementary to the highly conserved regions in cbsA and in cbsB, the silent S-layer protein-encoding gene of this strain (27) , a mixture of both genes was obtained. cbsB was eliminated by digestion with NheI, which specifically cuts this gene, and a SalI site was introduced just before the stop codon of cbsA in pTUAT to fuse cbsA in frame to the coding sequence of the cell wall anchor of the prtP gene of L. casei (14) . Fusion of the anchor to CbsA was expected to cause its covalent linkage to the cell wall and surface exposure. To generate a vector without the anchor sequence (pLPCA5Ј), a BamHI-SalI DNA fragment encoding mature CbsA was cloned in pTUT (14) . A BamHI-HindIII fragment of the 5Ј end of cbsA was replaced with the corresponding fragment of pTUAT-cbsA, which comprises the untranslated region and signal sequence. The structure of the vectors was verified by DNA sequencing. Finally, BamHI-NheI cassettes from pTUAT-cbsA and pTUTcbsA were transferred to expression vector pLPM11. To circumvent instability in E. coli caused by the presence of actively expressed cbsA, L. casei ATCC 393
T was transformed with ligation mixtures (19) . In this host, the plasmids could be stably maintained.
Production of CbsA by L. casei ATCC 393 T . Putative L. casei transformants harboring either pLPCA5Ј or pLPCA5ЈA were first assayed for CbsA production. Colonies were streaked on nitrocellulose filters placed on API (API 50 CHL; Biomerieux, Marcy l'Etoile, France) agar plates. The promoter activity was induced by the presence in the medium of galactose (1%, wt/vol). After overnight incubation, filters were extensively washed and incubated with polyclonal rabbit serum against CbsA. A strong positive reaction was detected in all transformants carrying cbsA, and no cross-reaction was observed with L. casei transformed with the vector, pLPM11 (data not shown). Positive transformants were subjected to further analysis to locate CbsA in different culture fractions. Cells from exponentially growing cultures in API medium were collected by centrifugation, washed with phosphate-buffered saline solution (PBS), and adjusted to an optical density at 590 nm of 1.0 (cell suspension). The supernatant was precipitated with trichloroacetic acid, dissolved in urea buffer (6 M urea in 50 mM Tris HCl, pH 8), and extensively dialyzed against water at 4°C. The precipitate formed (1/100 of the initial volume [trichloroacetic acid fraction]) was dissolved in urea buffer. Surfaceassociated proteins were extracted by 5 M LiCl (LiCl fraction) (13) . Total cell extracts of either LiCl-treated or nontreated cells were obtained by disruption with glass beads (0.4 mm) in the presence of urea and boiled for 15 min. The soluble proteins were collected after centrifugation. The different fractions, corresponding to 1 ml of the initial cell suspension, were subjected to standard sodium dodecyl sulfate (SDS)-10% polyacrylamide gel electrophoresis (PAGE) (12) and electroblotted to polyvinylidene difluoride membranes (Millipore). Standard Western analysis was performed to specifically detect CbsA with polyclonal rabbit anti-CbsA serum (Fig. 2) .
In L. casei 393/pLPCA5Ј, most of the CbsA was recovered from the culture medium whereas only minor quantities were extracted from the bacterial cell surface by LiCl (Fig. 2) . Electron microscopic analysis of the CbsA recovered from the supernatant of 393/pLPCA5Ј showed the presence of small crystalline sheets, like those observed for CbsA from L. crispatus (data not shown) and for CbsA produced by E. coli (27) , indicating that the assembly properties of CbsA produced by L. casei were unaltered.
To determine the amount of CbsA secreted, several dilutions of the culture medium and of purified CbsA were used to coat a microtiter plate for an enzyme-linked immunosorbent assay at 4°C overnight. Plates were blocked for 1 h at 37°C in PBS containing 1% bovine serum albumin (BSA) and washed twice with PBS-0.05% Tween 20. CbsA was detected with rabbit CbsA antiserum and horseradish peroxidase-conjugated anti-rabbit immunoglobulin G. The amount of CbsA present in the medium, determined from a standard curve, was 10 to 15 mg/liter. As judged by its migration on SDS-PAGE, CbsA secreted by L. casei seemed to be properly processed without further modification, although some breakdown products could be observed (Fig. 2, lane S) . The protein found in cell extracts may represent unprocessed CbsA still containing the signal sequence. In pLPCA5ЈA-containing bacteria, CbsA was found mainly in the cell extract (Fig. 2, lanes TE and STE) . The occurrence of peptides with a molecular weight higher than that of CbsA was attributed to the presence of cell wall fragments associated with CbsA, since they were not detected after treatment with mutanolysin (data not shown). Furthermore, small amounts of CbsA were also detected in the culture medium of 393/pLPCA5ЈA, most likely due to some cell lysis. The total amount of CbsA produced by 393/pLPCA5ЈA was smaller than that produced by 393/pLPCA5Ј, presumably due to saturation of the target sites for anchoring of the protein and/or competition with the host proteinase P. As expected, no CbsA was detected in any fraction of the negative control, L. casei 393/pLPM11.
Surface presentation of CbsA in L. casei/pLPCA5A. Antiserum raised against CbsA was used to confirm the surface location of CbsA in L. casei 393/pLPCA5ЈA by immunofluo- Flow cytometric analysis further confirmed the presence of CbsA on the L. casei cell surface (Fig. 3A) . The intensity of the signal measured on individual cells of L. casei/pLPCA5ЈA was, surprisingly, as high as that on L. crispatus JCM5810 cells. This might suggest that equal numbers of CbsA molecules are exposed on both bacteria. It has been estimated that approximately 5 ϫ 10 5 S-layer monomers are needed to cover an entire cell (28) . In experiments aimed at presenting antigens at the bacterial surface, the numbers of molecules found invariably were much lower. Maassen et al. (14) have estimated that 1.4 ϫ 10 3 tetanus toxin fragment C molecules were present on the L. casei cell surface when the same expression plasmid, host, and anchor sequence were used. Other authors have reported up to 10 4 molecules when using other proteins and different anchor partners (18, 29) . In accordance with these reports, Western blots of total cell extracts of equal numbers of cells of L. casei/pLPCA5ЈA and the S-layered L. crispatus strain showed that the quantity of CbsA produced by L. casei/ pLPCA5ЈA was considerably less than that found in L. crispatus (data not shown). An explanation for these conflicting observations would be that the antiserum used for immunodetection, which was raised against His-tagged CbsA produced by E. coli, probably contained antibodies that do not react with S-protein when it is present at the L. crispatus cell surface. Therefore, the strong fluorescence-activated cell sorter (FACS) signal observed for L. casei/pLPCA5ЈA cells might be due to the reaction with epitopes that are not accessible on L. crispatus. To ascertain whether the same CbsA epitopes are exposed on L. casei/pLPCA5ЈA as on L. crispatus, we repeated the FACS analysis with antibodies that specifically recognize Sprotein epitopes displayed at the L. crispatus cell surface (anti-S-CbsA) and with antibodies reacting with regions of S-protein that are not exposed when S-protein is packed as an S-layer (anti-NS-CbsA). Under denaturing conditions, both antibody fractions reacted equally with CbsA in Western blots (data not shown). With anti-S-CbsA, the FACS profile for L. casei/ pLPCA5ЈA cells was similar to that observed with anti-CbsA while a more homogeneous distribution was observed for L. crispatus JCM5810 cells compared with anti-CbsA serum (compare Fig. 3A and B) . As expected, a strongly reduced signal was detected when anti-NS-CbsA antibodies were used to detect CbsA in L. crispatus whereas L. casei/pLPCA5ЈA cells displayed an equally strong signal (Fig. 3C) . From these results, it is apparent that more S-protein epitopes are accessible on recombinant L. casei cells than on L. crispatus cells. This may be caused by the less dense packing of CbsA molecules on the L. casei cell surface compared with that on the L. crispatus cell surface, where CbsA is arranged as a closely packed layer. Furthermore, anchoring of CbsA to the cell wall may have prevented proper folding and/or exposure of the protein at the bacterial surface, rendering monomers unable to form a true S-layer.
Collagen-binding ability of cbsA-expressing L. casei. The capacity of L. crispatus JCM5810 and L. casei transformants to bind in vitro to collagen types I and IV was evaluated as described before (29) . Briefly, 5 ϫ 10 7 , 1 ϫ 10 8 , 5 ϫ 10 8 , and 1 ϫ 10 9 cells were applied on diagnostic slides previously coated with 2.5 pmol of collagen type I or IV or BSA, respectively. After 2 h of incubation, loosely attached bacteria were removed by extensive rinsing with PBS. Samples were stained with methylene blue and analyzed by light microscopy. As shown in Fig. 4 , only wild-type L. crispatus and L. casei/ pLPCA5ЈA, where CbsA was surface located, attached significantly to collagen-coated surfaces. The efficiency of binding to both collagens was higher for L. crispatus than for L. casei/ pLPCA5ЈA. This difference may reflect the smaller amount of S-protein and/or an altered CbsA configuration on the L. casei FIG. 3 . Flow cytometry analysis of L. casei transformants. CbsA was detected on the cell surface by incubation of the cells with different rabbit polyclonal antibody fractions for CbsA and stained with fluorescein isothiocyanate-labeled goat anti-rabbit serum. These fractions were obtained by adsorbing the CbsA antiserum to approximately 10 10 exponentially growing L. crispatus JCM5810 cells for 1 h at 4°C. Unbound antibodies (anti-NS-CbsA) were collected in the supernatant after centrifugation and were filtered through a 0.22-m-pore-size membrane. Antibody-coated bacteria were washed twice with PBS-0.05% Tween 20, and the surface-specific CbsA antibodies (anti-S-CbsA) were eluted by incubation in 0.1 M glycine-0.5% BSA (pH 2.5) for 1 h at 4°C. After centrifugation, the eluted antibodies were neutralized with 1 M Tris HCl (pH 9) and filtered. Panels: A, anti-CbsA; B, anti-S-CbsA; C, anti-NS-CbsA. L. casei/pLPM11 was used as a negative control. cell surface. Besides, it should be kept in mind that lactobacilli recognize collagens via multiple, specific and nonspecific, interactions (15) . To confirm that the binding phenotype displayed by L. crispatus JCM5810 relies solely on CbsA, an analysis of isogenic mutants lacking an S-layer would be needed. However, inactivation of S-layer protein-encoding genes in L. crispatus and related organisms by reverse genetics or growth in the presence of antibodies could not be achieved (our unpublished observations).
Heterologous expression of S-layer protein-encoding genes and assembly of their products as an S-layer onto the bacterial surface have not yet been achieved. As shown before for Lactococcus (4) and confirmed in this study for L. casei, non-Slayer bacteria can efficiently produce and secrete S-proteins but the proteins do not interact with the cell surface. Recent findings have outlined the role of secondary cell wall polymers as anchors for several S-layer proteins (8, 11, 22) . Preliminary experiments have shown that CbsA produced in L. acidophilus is firmly retained at the bacterial surface, suggesting that CbsA may be anchored to heterologous S-layered hosts through the same anchoring structure as the host S-layer protein.
Our results show, for the first time, that the collagen-binding capacity of an S-protein can be transferred to another LAB host. This may be considered a first step in the analysis of the role of this adhesin in adherence to and colonization of host tissues by lactobacilli. Furthermore, expression of cbsA mutants and hybrid S-protein molecules with different collagenbinding properties with the system described in this study might help to delimit the collagen-binding domain(s) within CbsA and to define key amino acids in S-layer formation.
